Abstract: Zr-containing layered double hydroxides (LDHs) with variable Zr solid = Zr/(Zr + Al) mole fractions were synthesized by a co-precipitation method at ambient conditions. The chemical compositions of samples and corresponding aqueous solutions after syntheses were analyzed by ICP-OES, EDX (Mg, Al, Zr) and ion chro- 
Introduction
The disposal of radioactive waste materials at geological conditions requires the development of physically and chemically stable materials which will prevent the migration of various (i.e., cationic and anionic) radioactive compounds and their decay products from deep geological environments to the biosphere. Layered double hydroxides (LDHs) or hydrotalcite-like solids are of interest of these studies due to their unique properties to immobilize very wide range of cations ( [18] . At the present time the application of LDHs as anion-binding material is problematic task due to their chemical complexity when LDHs have to be considered as complex multicomponent solid solutions which thermodynamic, mixing and solubility properties are hardly achievable. Consequently, there is a problem to apply LDHs for geochemical modeling (partially at conditions of nuclear waste repositories). The present study is focused on the synthesis, characterization of a particular case of big LDH family, namely, chloride-bearing hydro-talcite (Htlc) Mg 3 Al(OH) 8 Cl ⋅ nH 2 O where the isostructural incorporation of Zr(IV) is expected. The selection of this system was based on the knowledge that similar Fecontaining LDHs were already identified as characteristic secondary phases when research nuclear fuel elements were in the contact with salt brine solutions under repository relevant conditions [5] . To investigate the incorporation of tetravalent cations into the LDH structure is interesting task because there is no clarity concerning incorporation of tetravalent metals in LDHs. Some of studies reported the possibility of synthesizing LDHs containing M(IV) ions [5, [19] [20] [21] [22] [23] [24] . Another authors based on results of X-ray absorption spectroscopy (XAS) and Mössbauer spectroscopy [25] concluded that the M(IV) cations are segregated from LDH structure and may form amorphous M(IV) oxide-like particles. In our study the main reason to investigate the possibility of Zr-containing LDH formation was the expectation that the incorporation of tetravalent cation has to affect on anion-exchange properties of LDHs due to the change of positive charge in brucite-like layers. Moreover, Zr(IV) can be considered as analogue of 4-valent actinides (i.e., U 4+ and Th 4+ ) and to investigate the behavior of zirconium is important task from point of view of geochemistry of nuclear waste repositories. Finally, Zr(IV) is an important constituent of nuclear waste repositories because it presented in cladding elements of nuclear fuel. Using various experimental techniques (X-ray powder diffraction, Raman spectroscopic measurements, scanning electron microscopy, energy dispersive Xray spectroscopy), the primary objective of this work was to explore the isostructural incorporation of Zr into the hydrotalcite structure (i.e., to proof the presence of solid solutions). The next objectives were: 1) to quantify stability properties (i.e., standard Gibbs free energies of formation)
of Zr-containing LDHs with the help of thermodynamic modeling [26, 27] ; 2) to develop the provisional scheme of Zr-substitution in the hydrotalcite structure.
Experimental

LDH synthesis
Samples of LDH solids with varying zirconium
Zr solid = Zr/(Zr + Al) mole fractions were synthesized by a co-precipitation method at = 25 ± 2 ∘ C and pH = 10.00 ± 0.05. The synthesis procedure was based on the slow (0. 
Chemical analyses of solid and liquid phases
Photometric analyses
Chloride anions in the product liquid phase and in synthesized solids were analyzed photometrically (spectrophotometer CADAS 100). The sample preparation and analysis procedure are described in details in [7] .
Powder X-ray diffraction
The powder X-ray diffraction measurements were applied for structural characterization of synthesized solids. 
Thermodynamic modeling and estimation of Gibbs free energies
The thermodynamic modeling has been performed assuming the thermodynamic equilibrium between precipitates and aqueous solutions after syntheses. This assumption was made based on previous results [29] which demonstrated that the degree of oversaturation in liquid phase after similar co-precipitation experiments is negligible and precipitates and corresponding aqueous solutions are at conditions which close to the equilibrium. The sequence of calculation steps needed for estimating Gibbs free energies of LDH solids was described in details before [7, 28, 29] . Firstly, by applying GEMS-Selektor v.3. code [26, 27] with built in Nagra-PSI thermodynamic database [18] and by using chemical analyses of aqueous solutions, the speciation of dissolved metals, activities and chemical poten-
Cl
− ) have been calculated. Then the statement which says that: "Gibbs free energy of the system at equilibrium is minimum, and chemical potentials of the components are the same at each phase" allowed to calculate the molar Gibbs free energies from chemical potentials and from stoichiometric coefficients in Table 1 according to equation:
where -: stoichiometric coefficients; -calculated chemical potentials.
Results
Compositions of solids and liquid phases after co-precipitation experiments
Chemical compositions of pure Zr-containing LDHs and aqueous solutions after syntheses are provided in Tables 1  and 2 Unit-cell parameters 0 of pure Zr-LDH solids as a function of Zr solid mole fraction and as a function of Mg/(Al + Zr) cationic ratio are shown on Figure 3a and b, respectively.
As seen on Figure 3a and b the increase of unit-cell parameter 0 is related with the growth of Zr-content (and corresponding decrease of Mg/(Al + Zr) ratio) in synthesized solids. At first sight this observation is in the contra-diction with the solid stoichiometry variations presented in Table 1 . The reason is that unit-cell parameter 0 reflexes mainly changes in the size of the interlayer space of the LDH structure. Therefore, the unit-cell parameter 0 has to be a very sensitive to compositional changes of the interlayer (content of water, hydroxyl groups, chloride ions). From Table 1 Therefore, it is necessary to consider the hypothesis which implies the possibility of partial Zr-substitution into the interlayer space. The structural position of Zr-atoms in LDHs may be elaborated by applying different approaches. Particularly, the Rietveld structural refinements would help to specify the structural rearrangements of Zr in the LDH structure. However, at the present study these refine- 
Estimation of the standard Gibbs energies and thermodynamic properties of synthesized Zr-containing LDHs
Thermodynamic properties of synthesized Zr-containing LDH solids have been estimated according to the scheme described in Section 2.7 and assuming the thermodynamic equilibrium between precipitates and aqueous solutions after synthesis experiments. This assumption was based on previous results [29] which clearly shown that the degree of oversaturation in liquids after co-precipitation experiments was negligible and, therefore, precipitated solids and corresponding aqueous solutions were at conditions close to thermodynamic equilibrium. On Figure 5 the calculated values of standard molar Gibbs free energies of solids are shown as a function of Zr-content (i.e., Zr/(Zr + Al) ratios in solids). Moreover, from this figure it is clear that the addition of only 0.1 units of zirconium into the hydrotalcite structure increases the value of standard Gibbs free energy significantly (approximately 100 kJ/mol). The reason of this increase has to be related with structural modifications originating from the Zr-incorporation into pure Mg-Al-LDH composition. The obvious explanation of this major effect of zirconium may be that Zr occupies the interlayer space in hydrotalcite structure and, therefore, significantly disturbing the structural stability of LDHs. As mentioned in Section 3.2, in the present study we were not able to check this hypothesis by applying analytical and spectroscopic methods. Therefore, only theoretical thermodynamic considerations have been used. On the first step, the compositions of aqueous solutions after syntheses have been modeled by using GEM-Selektor code package as described before and 
where Mg 1 Zr 1 (OH) 5 Cl 1 composition is corresponding to the "hypothetical" end-member according to discovered [Mg 3−2x Al 1−x Zr x ]-stoichiometry ( Zr solid = 1). Thermodynamically the Reaction 2 seems to be reasonable: assuming the equilibrium (i.e., r = 0) and by using known values (see Table 3 ) of the molar Gibbs free energies of stoichiometry composition will correspond to: 
Conclusions
The aim of the present work was to investigate the possibility of the isostructural substitution of tetravalent cations (particularly, zirconium) into the hydrotalcite-like solids In order to corroborate the hypothesis that Zr is partly incorporated in the interlayer space of LDH structure, the thermodynamic modeling with GEMS-Selektor code v.3. has been applied. The standard Gibbs free energies of formation for pure precipitates have been estimated assuming the thermodynamic equilibrium between solids and supernatant solutions after experiments. The observed correlation between the standard Gibbs free energies and Zr-content in these solids demonstrates that the addition of small traces of zirconium decreases significantly the stability of synthesized solids. is likely that zirconium is substituted into the hydrotalcite structure as negative-charged "anionic" compound and, consequently, it can be localized in the interlayer space. In such case the significant decrease of hydrotalcite stability with addition of zirconium is reasonably explainable. The reaction of Zr-substitution will be written as: Figure 5 .
Finally, the statement which is formulating the scheme of Zr-incorporation into the hydrotalcite structure is: "zirconium can be structurally incorporated into the LDH. At that, zirconium can occupy two structural sites in hydrotalcite-like solids: in octahedral brucite-like layers and in the interlayer space as Zr(OH) 5 − ligands. This situation leads to very significant decrease of stability of LDHs even if very small Zr-content in the LDH is included. The adding of higher amounts of Zr into the hydrotalcite system (Zr/(Zr + Al) ≥ 0.5) finally prevents the formation of sequences of brucite-like layers. Therefore, the fine-crystalline brucite is detected by PXRD method as secondary phase in precipitates with Zr solid ≥ 0.5". Further spectroscopic investigations (for instance, EXAFS analyses) will be applied to specify the coordination environment of zirconium in the LDH structure.
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